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ABSTRACT
Spiraculate blastoids have extraordinary internal skeletonized respiratory struc-
tures, the hydrospires. However, the detailed pattern of seawater flow within them is
unknown, making it difficult to assess their respiratory effectiveness. Using a scaled-up
(72x) 3D printed physical model to visualize the flow of water through the most distal
(aboral) part of the hydrospire of Pentremites rusticus, we show that flow was consis-
tent with effective respiratory exchange in the hydrospire folds – the flow continued
horizontally within the hydrospire folds after passing through the hydrospire pore
canals and only developed an adoral component to its velocity once it had entered the
hydrospire canals. The observed orderly laminar flow is consistent with the Reynolds
numbers we estimate for a living blastoid (Re = 0.0008–0.05). While most functional
analyses of spiraculate hydrospires focus on their respiratory function, it is also possi-
ble that they played a role in feeding, helping to draw water past the brachioles, which
is a hypothesis that is amenable to future testing.
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INTRODUCTION
Spiraculate blastoids are a polyphyletic group
of beautiful (Haeckel, 1904) stalked echinoderms
found in Ordovician through Permian rocks (Bea-
ver et al., 1967; Clarkson, 2009), with feeding
appendages (the brachioles) attached to the ambu-
lacra, which in turn formed part of their calyx
(Sprinkle, 1973). Here we examine the function of
their most notable feature, the extraordinary inter-
nal skeletonized respiratory structures, the hydro-
spires (Macurda, 1965, 1980; Beaver et al., 1967;
Sprinkle, 1973; Katz and Sprinkle, 1976; Beaver,
1996; Schmidtling and Marshall, 2010). PE Article Number: 18.1.14A
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HUYNH, EVANGELISTA, & MARSHALL: BLASTOID HYDROSPIRE FLUID FLOWFunctional analysis of the skeletonized respi-
ratory structures of non-blastoid blastozoans (e.g.,
Paul, 1972; Paul and Bockelie, 1983) has been
aided by the fact that these simpler structures con-
sisted of straight, constant diameter, tubes or chan-
nels with no branching, so there is no ambiguity in
how water flowed through them. This made it pos-
sible for Paul (1972), for example, to compute the
relative effectiveness of five basic types of non-
blastoid respiratory pore-structures he identified at
that time. In contrast, the hydrospires of the spirac-
ulate blastoids (Figure 1.1) exhibit changes in
diameter, branching, anastomosis, and a geometri-
cally complex system of pores and folds making it
difficult to infer from visual inspection exactly how
water flowed within them. However, it is generally
agreed (Beaver et al., 1967) that seawater was
taken into the hydrospires via the large number of
hydrospire pores running down the edges of the
ambulacra, passed through the connecting pore
canals into a vestibule, and thence into one of sev-
eral sub-parallel folds, each of which terminates in
a canal (Figure 1.2). The folds and canals run most
of the length of the ambulacra and unite at, or
close to, the excurrent orifice, the spiracle (Figure
1.1). In some taxa, for example, Pentremites rusti-
cus analyzed here, the hydrospires are paired,
each pair sharing a single excurrent spiracle.
To help determine whether the narrow folds
served as oxygen exchange surfaces, we need to
know how water flowed over them. One possibility
(Hypothesis 1) is that the water flow in the hydro-
spire folds had an adoral component to it (Figure
2.1). Such a flow component represents respiratory
leakage: as water flows adorally, successively
more of the water passing through the folds is
“spent”; as it passed over more adoral portions of
the folds, it would already have been stripped of
oxygen. Alternatively, it would seem more effective
if new, oxygen-rich, water taken in through the
pores did not mix with previously spent water, i.e.,
if the water flowed horizontally through the folds,
only developing an adoral component to its velocity
once it had entered the canals (Hypothesis 2) (Fig-
ure 2.2). This second hypothesis was suggested
by Schmidtling and Marshall (2010), and implies
that the hydrospire canals functioned exclusively
as excurrent conduits. Hypothesis 1 implies a less
effective hydrospire than Hypothesis 2, but the
hydrospires have a large surface area, which may
have been able to compensate for a low effective-
ness, in the same way that some non-blastoid blas-
tozoans with less effective respiratory pore-
structures appear to have compensated for this
fact by having a large number of the structures
(Paul, 1972). Hypothesis 2 suggests a more effec-
tive oxygen exchange, with the large surface area
of the hydrospires either enabling high oxygen use,
























FIGURE 1. Anatomy of the hydrospires of the blastoid Pentremites rusticus. 1.1, Location of one of the five radially
distributed hydrospires within the calyx, showing incurrent hydrospire pores, and excurrent spiracle (inferred direc-
tion of water flow indicated by the arrows). 1.2, Oblique view of a section of a hydrospire and associated structures.
Modified from Schmidtling and Marshall (2010). 2
PALAEO-ELECTRONICA.ORGEXPERIMENTAL APPROACH
Given that visual inspection of the fossil mor-
phology does not provide a direct way to test
between Hypotheses 1 and 2, and the lack of close
living relatives or analogues for the blastoids, we
applied another approach for probing the details of
hydrospire function, through use of principles and
techniques from engineering fluid mechanics. As
an example of this approach, the principle of conti-
nuity establishes that in systems without leaks,
what goes in must come out (reviewed in Kundu
and Cohen, 2004). Thus, in piping systems with
changing diameters it can be used to infer overall
flow speeds, for example, in vertebrate circulatory
systems and in marine invertebrates respiratory
and feeding structures (reviewed in LaBarbera,
1990; Vogel, 1994). For a system with constant vol-
ume flow rate, the flow speed and cross sectional
area perpendicular to the flow direction are
inversely proportional, as might be seen in blood
vessels and capillaries, or in the feeding apparatus
of sponges. 
In the context of blastoids, Schmidtling and
Marshall (2010) used serial sectioning of Pen-
tremites rusticus and the principle of continuity to
examine flow along the length of the hydrospire.
They found that the hydrospire canals widened as
flow moved adorally, at a rate that kept pace with
additional water taken in through the progressively
more adoral incurrent hydrospire pores. This would
have maintained flow within the hydrospire canals
at a constant speed (Schmidtling and Marshall,
2010). But with a complex internal anatomy, use of
the principle of continuity has its limitations. For
example, Schmidtling and Marshall (2010)
assumed that there was no adoral flow within the
folds, so that the area of hydrospire folds need not
be considered. However, if there was an adoral
component to the flow within the folds, then
Schmidtling and Marshall’s (2010) measurements
are inappropriate – under Hypothesis 1 (Figure
2.1) the flow in the folds represents a leak with
respect to the flow in the canals. Thus, while the
principle of continuity provides clues as to the over-
all flow into and out of the animal, further tests of
respiratory effectiveness, to decide between
Hypotheses 1 and 2, requires a more detailed
knowledge of the flow, specifically, the local pat-
terns of velocity within the folds. 
Thus, we had to find a more powerful way of
determining the flow within the hydrospires. The
approach we used was direct flow visualization
(Smits and Lim, 2003) in a geometrically similar
physical model. 
METHODS AND MATERIALS
The limits in resolution of the 3D printers avail-
able for making geometrically similar physical mod-
els coupled with the small size of the hydrospires
meant that we needed to make an enlarged model
of the hydrospires. The scale factor used was 72
times real size (see below), to ensure that the inter-
nal plumbing was intact in the model so that we
could run water through it. However, this scale put
limits on how much of the hydrospire could be
printed (see below). Thus, we performed flow visu-
alization in a 72x scale model of just the distal
(aboral) portion of a hydrospire, encompassing the
first (most aboral) 10 hydrospire pores. While other
quantitative methods exist, e.g., particle image















FIGURE 2. Schematic showing hypothesized flow pat-
terns within the hydrospire folds. 2.1, In Hypothesis 1,
the flow has an adoral component representing respira-
tory leakage. 2.2, In Hypothesis 2, the flow is entirely
radial, without leakage. See text for further discussion.3
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being inexpensive and easy to use.
Reynolds Number and Flow Regime for Living 
Pentremites rusticus 
To conduct meaningful flow visualization, we
needed to establish that the model would be in the
same flow regime as the actual organism. A
parameter which establishes this equivalence is
the Reynolds number (Re), a dimensionless num-
ber that reflects the relative importance of inertial
versus viscous forces in fluid flow (Vogel, 1994;
Blevins, 2003; Kundu and Cohen, 2004):
Re = U Dh/ν (1)
where U is the flow velocity, Dh is the hydraulic
diameter of the space the fluid flows through, and ν
is the kinematic viscosity (Vogel, 1994).
Similar Re numbers translate into similar flow
conditions, and thus models are typically tested at
or near the Reynolds number of the original organ-
ism (reviewed in Vogel, 1994). Using scaled-up
models provides a convenient platform from which
to conduct flow studies, especially where the size
of organisms or their organs are inconveniently
small (Chamberlain, 1969, 1976; LaBarbera, 1990;
Santhanakrishnan et al., 2009; Munk, 2011; Wal-
drop, 2012; Zeng, 2013), as is the case with
blastoid hydrospires. While under certain condi-
tions it is critical to match the Reynolds number
(e.g., when examining creeping flow for external
flow around appendages ([Koehl and Strickler,
1981; Koehl, 2001; Waldrop, 2013), or when exam-
ining transitional Reynolds numbers in the range
100 to 500 in external flows [Munk, 2011]), under
other conditions the relevant fluid mechanics are
partially scale-independent. For example, in inter-
nal, ciliary-driven, steady, non-pulsatile flow in
pipes and between parallel plates, as is the case
here, flows below Re~2000 are laminar (Avallone
and Baumeister, 1996; Blevins, 2003; Kundu and
Cohen, 2004). However, for internal flows with Re
numbers in the range of 10 to 1000, it is possible
for the fluid to remain laminar while experiencing
regions of recirculation around cavities or disconti-
nuities in geometry, which complicates inferences
of the exact path of fluid flow. In computational fluid
dynamic (CFD) simulations and physical model
tests of embryonic zebrafish hearts, tests below Re
= 10 were found not to exhibit these complications,
even when minor geometric discontinuities were
present (Santhanakrishnan et al., 2009). Thus, at
low Re < 1, and perhaps as high as Re = 10, such
patterns are expected to be absent. In this regime,
viscosity dominates the flow, and it is difficult to
cause any mixing within the flow (Vogel, 1994). 
So, what was the Re of fluid flow inside the
hydrospires of a living blastoid (specifically, within
the folds, where respiratory exchange is presumed
to have occurred)? To compute the Reynolds num-
ber we required an estimate of the flow velocity, the
hydraulic diameter of the folds, and the kinematic
viscosity (see equation [1]). 
Paul (1978), using data from living echino-
derms, estimated ciliary driven flow velocities in
non-blastoid blastozoans of 0.6 x 10-3	 m/s, the
value we used here. However, cilia are not pre-
served in fossil echinoderms, so we don't know
where they were situated within the hydrospires. If
they were located in the hydrospire folds, the esti-
mated flow velocity in the folds is simply 0.6 x 10-3
m/s. However, if the cilia were in the pore canals,
which is perhaps less likely given that they may
have choked the canals (C.R.C. Paul, personal
commun., 2012), the flow velocity in the folds
would have been lower due to the larger cross sec-
tional area of the folds compared with the pore
canals (Figure 1.2). This velocity can be estimated.
According to the principle of continuity: 
Apore Upore = Afolds Ufold (2)
where A and U designate the cross sectional areas
and water velocities respectively. The pores were
circular and had an average diameter (d) of 25.4
m (over the first eight pores), and in the hydro-
spire we modeled each pore was connected to
three folds, each with rectangular cross sectional
area normal to the orientation of the pore canals
(Afolds) of 265 x 43 (h x w) m2	(the pore spacing
and therefore the height of the folds between adja-
cent pores was 260-270 m, or 7-10 times the
pore diameter; Schmidtling and Marshall, 2010).
Applying continuity, we can estimate the velocity in
the folds: 
π(d/2)2 Ucilia = 3 h w Ufold (3)
Thus, the area available for flow to expand into in
the folds was 67 times the area of the pore, thus
the velocity in the folds would have decreased 67
times, from 0.6 x 10-3 m/s in the pore canal to 0.09
x 10-4 m/s in the folds. 
With these two estimates of the velocity in the
folds, calculation of the Re proceeded. For fluid
flow between two parallel plates, the hydraulic
diameter is approximately twice the distance
between the plates (Fox et al., 2004), thus Dh = 85
m. The kinematic viscosity for seawater (at a4
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0°C to 0.944 x 10-6	m2/s at 25°C (Lide, 2006). The
highest estimated Re number is if the cilia were in
the folds, in relatively warm seawater, at 25°C (Re
= 0.051). The lowest estimate was if the cilia were
in the pore canals, in cold water (Re = 0.0004).
Both estimates are much less than Re = 1. Thus,
the water flow within the hydrospires was in a
regime where flow is laminar and recirculation and
mixing should be absent. Table 1 presents the data
used in the calculations; full calculations are in
Supplementary Material, Table S1-S3. 
Construction of the Physical Model 
Schmidtling and Marshall (2010) used
destructive serial sectioning to examine the 3D
hydrospire structure of one of three specimens of
Pentremites rusticus (Hambach, 1903) purchased
at the Tucson Gem and Mineral Show (the other
two specimens can be found in UCMP [UCMP
123100, UCMP 123101]) – this provided the basic
3D structure for modeling. Unfortunately, the origi-
nal raw image files created some 20 years ago are
lost (pointing to the importance of proper archiving
of digital resources). However, these images had
too low a resolution to print a 3D model directly: the
original images provided 20 m resolution for 75%
of the calyx, 40 m resolution for 10% of the calyx,
and 200 m resolution for 15% of the calyx, and
thus were unable to resolve the narrowest parts of
the hydrospire system, the smallest pore canals
leading into the hydrospire (24 m diameter).
Thus, we used Figure 3 from Schmidtling and Mar-
shall (2010) to make a digital model (Figure 3.1) to
serve as the template for the 3D printer.
The digital model of the distal end of the
hydrospire (UCMP 123102) was developed in a
freely available 3D solid modeling program
(Blender 2.69, The Blender Foundation, Amster-
dam, Netherlands; www.blender.org) (Figure 3).
The supplementary stereo lithography [STL] file is
available online (palaeo-electronica.org/content/
2015/1073-blastoid-hydrospire-fluid-flow). Blender
was used for ease in modeling curved biological
shapes (Munk, 2011; Evangelista, 2013; Zeng,
2013; Evangelista et al., 2014). 
The narrowest passages within the respiratory
system are the most distal (aboral) hydrospire
canals, 25.9 m in diameter averaged over the 10
most aboral pores (Schmidtling and Marshall,
TABLE 1. Calculation of the Re in the most distal (aboral) portion of the hydrospire, corresponding to the first eight
hydrospire pores, in living Pentremites rusticus and in the 72x scale model.
Pentremites rusticus
Model
If the cilia are in pore canals If the cilia are in the folds
Pore canal parameters
Pore diameter, m 25.4x10-6 25.4x10-6 1.85x10-3
Pore area, m2 5.1x10-10 5.1x10-10 2.69x10-6
Pore velocity, m/s 6.0x10-4 † 0.040 3.2x10-3
Volumetric flow rate, m3/s 3.0x10-13 2.0x10-11 6.9x10-8
Hydrospire fold parameters
Fold spacing, m 4.3x10-5 4.3x10-5 0.0031
Distance between adjacent pores, 
m
2.65x10-4 2.65x10-4 0.0153
Area of folds between adjacent 
pores, m2
3.4x10-8 3.4x10-8 1.42x10-4
Hydraulic diameter, m 8.6x10-5 8.6x10-5 0.0062
Velocity in folds, m/s 9.0x10-6 6.0x10-4 † 61x10-6
Kinematic viscosity, m2/s 1.8x10-6, 0°C seawater 1.8x10-6, 0°C seawater 1.0x10-6, 25°C freshwater
9.4x10-7, 25°C seawater 9.4x10-7, 25°C seawater
Reynolds number in folds 0.0004 at 0°C 0.03 at 0°C 0.376
0.0008 at 25°C 0.05 at 25°C
† Cilia velocity from (Paul, 1978)5
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scaled up to about 1 to 2 mm in diameter to ensure
that water would run through the model; limitations
of the 3D printer meant that holes below this size
might not be complete in the final print. Thus, the
model was printed at a scale factor of ~72x (72 x
25.9 m = ~1.86 mm for the diameter of the printed
pores). This scale factor meant that only part of the
hydrospire could be printed, and thus the model
was restricted to approximately the first (aboral)
quarter of the hydrospire. The scale model was
printed on a 3D printer (ProJet HD3000, 3D Sys-
tems, Rock Hill, SC) using a translucent ABS poly-
mer (Figure 3.2). Use of a scaled up model
permitted easy visualization of the fluid flow
through the hydrospires, something that would
have proven difficult if we printed a 1:1 scale
model.
Following removal of the support wax from the
3D print, a viewing window was milled down the
entire height of the model to a high surface finish
using an end mill, then polished further by hand, to
provide clear viewing of flow within the folds. The
overall dimensions of the final model were 17.0 x
8.7 x 6.9 cm (h x l x w), with a pore diameter of
~1.86 m, a spacing between the pores of 15.3
mm, and a distance between the walls of the
hydrospire folds an average of 3.1 mm. 
Test Conditions and Flow Visualization Using 
Dye
To match the Re in the scale model operating
in freshwater (ν = 1 x 10-6 m2/s at 25°C) would
have required a pore velocity of 0.6 x 10-3 m/s,
which would have been prohibitively small; testing
in mineral oil (ν = 30 x 10-6 m2/s) would have per-
mitted a pore velocity of 18 x 10-3 m/s but was
cost-prohibitive. We opted instead to test with fresh
water at higher speed (pore velocity 3.2 x 10-3 m/s;
fold velocity of 61 x 10-6 m/s), or Re ~0.376, about
seven times the largest estimated Re for blastoids
in life, but still within the range for which the steady,
fully-developed internal flow in a pipe is in the lami-
nar regime, that is at Re <1 (full calculations in
Supplementary Material, Table S1). Thus, if lami-
nar flow is observed in the scaled-up model, i.e., if
no mixing is seen, then it can be assumed that it











FIGURE 3. Digital and physical models use to visualize fluid flow. 3.1, Digital solid model of approximately the lower
quarter of a hydrospire of Pentremites rusticus, using Blender (see text). 3.2, 3D-printed rendering of the digital
model, shown with inlet headers connected. 6
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lon aquarium and connected to an inlet header
(Figure 3.2) made of standard Tygon R-3603 PVC
laboratory tubing (inside diameter 1/8-inch [3.175
mm]). Flow was driven by a laboratory faucet throt-
tled to provide very low flow. Total volumetric flow
rate (6.9 x 10-8 m3/s) was measured directly by
observing the rate of level change in the tank (Sup-
plementary Material, Table S1). To determine
whether there was mixing of water in the folds, and
whether or not there was an adoral flow component
within the hydrospires, we injected 20 ml of red or
blue water-soluble food coloring (Safeway, Pleas-
anton, CA) into each of two inlet header tubes that
lay down stream of the primary header tube. Inlet
header tubes were arranged so that the water flow-
ing into adjacent pores was of different color (Fig-
ure 4). The tubing was connected to the model via
standard 1 ml pipette tips, which had their tapered
ends inserted into the hydrospires pores (Figure
3.2). 
The resulting flow was filmed through the pol-
ished window in the model using a Nikon D300S
DSLR (Nikon Inc., Tokyo, Japan), operated in high
definition (HD) mode at 30 fps. Video was taken
over the entire 24-minute course of the experiment
to capture steady-state flow. 
RESULTS
Figure 4 shows a still image of the flow pattern
nine minutes into the experiment. The flow main-
tained horizontal bands of distinct color through out
the course of the experiment, matching the flow
pattern expected under Hypothesis 2 (Figure 2.2).
A movie of one of the experimental runs (sped up










Pore Canals Folds Canals
FIGURE 4. Visualization of the flow within the 3D printed model (Re = 0.376, see Table 1). Flow in the folds consists
of horizontal bands of distinct red and blue color, indicating no adoral component to flow and no mixing within the
folds, consistent with Hypothesis 2 (see text, Figure 2.2). The still used in the print version of this paper is a single
frame from the flow pattern observed, showing the steady-state flow pattern after nine minutes of flow. The animation
is sped up 16x (for video see palaeo-electronica.org/content/2015/1073-blastoid-hydrospire-fluid-flow).7
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Study Limitations
In Table 1 we provide relatively precise esti-
mates of the Re of the fluid flow through the hydro-
spire folds of a blastoid hydrospire. Nonetheless,
the estimates vary by approximately two orders of
magnitude (from 0.0004 to 0.05). Most of this varia-
tion, 50-fold, stems from our uncertainty in the
location of the cilia that drove seawater flow in the
hydrospires. The other source of variation stems
from the approximately two-fold difference in the
kinematic viscosity of seawater from 0°C to 25°C.
We do not know how to determine where the cilia
were distributed within the hydrospires. On the
other hand, the fossil locality provides some clue
regarding water temperature – the specimen mod-
eled was found in Oklahoma in the Morrowan
(Schmidtling and Marshall, 2010), which was equa-
torial in the Lower Pennsylvanian (the Morrowan is
approximately equivalent to the Bashkirian). While
we have no secure estimates of the seawater tem-
perature at the time, it appears the Earth’s climatic
system was broadly similar to that of today, with
evidence of polar ice at the time and roughly com-
parable CO2 levels (Fielding et al., 2008). Thus,
the equatorial ocean temperature of the shallow
marine was probably much closer to 25°C than 0°C
at the time, and so the Re was probably between
0.0008 and 0.05. 
There are several other sources of uncertainty
– for example we do not know the velocity at which
the cilia drove the seawater flow, although it seems
unlikely that we are in error by more than a factor
of two. We also don’t know how much of the vol-
ume was occupied by the cilia, nor do we know the
thickness of the epithelium that lined the hydro-
spires. If the epithelium occupied 10% the space
between the hydrospire folds, the Re would
increase by a factor of ~2. Further, the estimates
provided in Table 1 are based on just one speci-
men of one species (Pentremites rusticus). One
would expect different Re numbers in different indi-
viduals, at different ontogenetic stages (Waldrop,
2013; see also Dexter et al., 2009 for an analysis of
the relationship between hydrospire allometry and
respiration), and certainly between different spe-
cies. Moreover, even within an individual, there is
variation within a given hydrospire, with changes in
the diameter of the hydrospire pores and the num-
ber of folds (from three to five then back to four) as
one moves adorally, as well as between hydro-
spires, particularly between the anal and the four
non-anal hydrospires (Beaver et al., 1967;
Schmidtling and Marshall, 2010). 
It is difficult to quantify all of these uncertain-
ties, but as discussed above, orderly laminar flow
is found when Re < 1 (Santhanakrishnan et al.,
2009), and only when Re > 10 is recirculation at
channel discontinuities sometimes found. Consis-
tent with these results, in our physical model,
orderly laminar flow was observed at Re = 0.4.
Thus, it would seem that even our highest esti-
mates of the Re in the living blastoid are at least
20-fold and probably 200-fold lower than the Re
where orderly laminar flow might start to break
down. 
Flow and Physiology
With the study limitations in mind, our results
support Hypothesis 2 – Figure 4 shows that water
does not mix within the hydrospire fold portion of
the hydrospire structure in the scaled-up physical
model. There are clear horizontal flow-bands within
the folds themselves, indicating the lack of a verti-
cal (adoral) component to flow within the hydro-
spire folds. Incurrent water flows into the structure
at the hydrospire pores and remains in horizontal
bands until it reaches the excurrent canals. Water
from a specific pore (red) only mixes with water
from adjacent pores (blue) after it reaches the
excurrent canal (shown in purple in Figure 2); in
the canal, the mixed water flows vertically/adorally
towards the excurrent spiracle. Since testing at
higher Re overestimates the amount of mixing, we
feel justified in extrapolating results down to lower
Re in the once-living blastoid. 
The observed pattern supports the predictions
of (Schmidtling and Marshall, 2010) and Hypothe-
sis 2 (Figure 2). The significance of this flow pat-
tern is that the hydrospires in Pentremites
potentially represent an effective gas exchange
surface in which all the fold surface area is pro-
vided with “fresh” flow from the hydrospires pores
distributed along much of the length of the animal,
while the hydrospire canals would primarily have
functioned as excurrent conduits. 
We note that the specific flow pattern
observed does require any control on behalf of the
blastoid, apart from propelling the water flow; had
we observed some other flow pattern, we would
have been faced with the possibility that the distri-
bution of cilia within the hydrospires might have
been used to direct the water flow in a different
path than observed. We cannot see how one would
determine if cilia were used to divert fluid flow from
the “cilia-free” path.8
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and Non-Blastoid Blastozoan Respiration
Many Paleozoic echinoderms, particularly
from the lower Paleozoic, had remarkable skele-
tonized respiratory structures (Ubaghs, 1975). Paul
(1968, 1972, 1978) and Paul and Bockelie (1983)
in their classic functional studies of non-blastoid
blastozoan respiration, have shown for the taxa
that they studied that between 25% and 75% of
their thecal surface area was devoted to special-
ized respiratory structures. Paul (1972) also
showed that exothecal respiratory structures
(those where the oxygen exchange surfaces lay
outside the calyx) had about half the efficiency
(defined as the respiratory rate achievable per unit
length) compared with endothecal respiratory
structures (where oxygen exchange is inferred to
have occurred within the calyx), in part because
exothecal structures could not take advantage of
the coelomic counter currents needed to maximize
extraction of oxygen from the water that flowed
through the structures.
For the spiraculate blastoids, the respiratory
structures (the internal hydrospires) were bathed in
coelomic fluid, and it seems likely that cilia were
present that enabled the coelomic fluid to flow past
the hydrospire folds counter to the direction of the
water flow within the hydrospires, thus maximizing
the extraction of oxygen.    
The hydrospires of Pentremites rusticus are
especially well developed, and we wondered how
large its respiratory surface area was compared
with the surface area of its calyx. To make this esti-
mate we used the data from Schmidtling and Mar-
shall (2010). The total respiratory surface area =
the average hydrospire fold length (~0.1 the diame-
ter of the calyx; 1 mm), multiplied by the average
number of folds per hydrospire (~4.3), multiplied by
2 sides per fold, multiplied by the number of hydro-
spires (10), multiplied by the total length of hydro-
spire folds within the calyx (~10.9 mm). This yields
a total surface area of ~937 mm2. The specimen
was 21 mm tall, with a maximum diameter of 10
mm, and thus had an external surface area of ~560
mm2 (ignoring the area of the spiracles and the
attachment of the stalk, and the fact that the calyx
is not exactly an ellipsoid). Thus, the respiratory
surface area is ~168% the total external surface
area. 
The first-order calculation made above indi-
cates that the blastoid Pentremites rusticus had a
larger relative respiratory exchange area than the
non-blastoid blastozoans studied by Paul (1972),
by a factor of two to seven. Given that the non-
blastoid blastozoans with the larger relative respi-
ratory surface areas studied by Paul (1972) were
unable to make use of coelomic counter currents to
aid in respiration, the realized respiratory capacity
of the blastoid examined here was probably toward
the upper end of this range if blastoids employed
coelomic counter currents. It would be interesting
to compute the relative respiratory surface areas
for taxa that have been described since Paul’s
(1972) study, for example, the impressive glypto-
cystitid rhombiferan Hadrocystis pauli (Sprinkle,
1974), as well as Late Ordovician hemicosmitoids,
Ordovician parablastoids, as well as   non-blasto-
zoans, for example mitrates and the crinoids that
evolved endothecal respiration. Furthermore, we
know virtually nothing about the respiratory func-
tional morphology of the open hydrospires of the
fissiculate blastoids, a group that was more
diverse, longer-lived, and geographically wider
spread than the spiraculate blastoids, or for that
matter other spiraculate blastoids.
A Relationship Between Spiraculate Hydrospire 
Organization and Feeding?
 It is tempting to conclude that this impressive
respiratory capacity was at least partially responsi-
ble for the evolutionary success of the spiraculate
blastoids. However, selection can gain purchase
on subtle differences in functional capacity, and so
while a large respiratory capacity might have
played a role in their evolutionary success, there
are many other possibilities (and it is important to
recognize that we selected Pentremites rusticus in
part because of its unusually well developed hydro-
spires – most other spiraculate blastoids did not
have as many hydrospire folds as exhibited by this
species). For example, it is possible that the orga-
nization of the hydrospires in the spiraculate
blastoids might have aided in feeding – the incur-
rent hydrospire pores lay at the base of the feeding
brachioles, and if the cilia were located in the folds,
they would have generated current velocities of 4
cm s-1 at the base of the brachioles (67 x the cilial
flow velocity of 0.6 mm s-1 in the folds [see above]).
As is always the case in paleontology, and even in
neontological studies, it is very difficult to deter-
mine the balance of selective versus stochastic
reasons for long-term evolutionary access, and
when selection is implicated (for example, when it
acts on only parts of the realized morphospace,
which does not appear to be the case in blastoids
[Foote, 1991]), it difficult to determine which selec-
tive factors were decisive. Nonetheless, further
functional work, for example, testing whether the9
HUYNH, EVANGELISTA, & MARSHALL: BLASTOID HYDROSPIRE FLUID FLOWwater flow into the hydrospires pores aided in feed-
ing, or the extent to which the spiraculate blastoids
were able to take advantage of feeding currents to
aid the flow of water through the hydrospires, could
be tested with physical models.
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HUYNH, EVANGELISTA, & MARSHALL: BLASTOID HYDROSPIRE FLUID FLOWSUPPLEMENTARY MOVIE 
Visualization of the flow within the 3D printed model (Re = 0.376, see Table 1).
Flow in the folds consists of horizontal bands of distinct red and blue color, indicating
no adoral component to flow and no mixing within the folds, consistent with Hypothesis
2 (see text, Figure 2.2). The animation is sped up 16x. Figure 4 shows a single frame
from the flow pattern observed, showing the steady-state flow pattern after nine min-
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PALAEO-ELECTRONICA.ORGSUPPLEMENTARY TABLE S1. 
Full calculations for in vivo flow conditions.
What is the Re for blastoid Pentremites rusticus in vivo?
Assumed values shown in blue along with source
Environmental data
nu, kinematic viscosity, m^2/s 1.00E-006 Use 1e-6 for 25C, 1.4 for 12C, 1.8 for 0C
Case 1: Cilia in pore canals
At the pore
Pore diameter, m 2.54E-005 Measured from Schmidtling and Marshall 2010
Pore area, m^2 0.0000000005
Clia velocity, m/s 6.00E-004 Paul 1978
Volumetric flow rate m^3/s 0.0
Re,D pore 0.01524 Implies laminar flow
In the folds
Spacing between folds, m 4.26E-005
Spacing between pores, m 2.65E-004 Schmidtling and Marshall 2010
Number of folds per pore 3 From Schmidtling and Marshall, figure 6
Fold area, m^2 0.0000000339 66.809793371
Volumetric flow rate m^3/s 0.0
Velocity in fold, m/s 0.0000089807 m/s
Dh fold, 4*FA/WP 0.0000733744 for finite channels
Dh fold, 2*spacing 0.0000851648 for infinite array of closely spaced plates
Re,Dh fold 0.0006589551
Re,Dh2 fold 0.0007648415 Implies laminar flow
Case 2: Cilia in folds
At the pore
Pore diameter, m 2.54E-005 Measured from Schmidtling and Marshall 2010
Pore area, m^2 0.0000000005
Volumetric flow rate m^3/s 0.0
Pore velocity, m/s 0.040085876
Re,D pore 1.018181251 Implies laminar flow
In the folds
Spacing between folds, m 4.26E-005 NOT measured in Schmidtling and Marshall; Tony 
measured in x-ray image
Spacing between pores, m 2.65E-004 7x pore diameter
Number of folds per pore 3 From Schmidtling and Marshall, figure 6
Fold area, m^2 0.000000033913
HUYNH, EVANGELISTA, & MARSHALL: BLASTOID HYDROSPIRE FLUID FLOWCilia velocity, m/s 6.00E-004 Paul 1978
Volumetric flow rate m^3/s 0.0
Dh fold, 4*FA/WP 0.0000733744 For finite channels
Dh fold, 2*spacing 0.0000851648 For infinite array of closely spaced plates
Re,Dh fold 0.0440246517
Re,Dh2 fold 0.0510989011 Implies laminar flow
Case 2 is the controlling case (higher Re, highest mixing 
expected there).
What is the Re for blastoid Pentremites rusticus in vivo?
Assumed values shown in blue along with source14
PALAEO-ELECTRONICA.ORGSUPPLEMENTARY TABLE S2. 
Full calculations for model flow conditions as tested. 
What is the Re for the model as tested?
Assumed values shown in blue along with source
Environmental data
nu, kinematic viscosity, m^2/s 1.00E-006 Use 1e-6 for freshwater at 25 C
Use 27e-6 for mineral oil
At the faucet
Time, s 4034 Tony Huynh measured
Level change, m 0.0025 Tony Huynh measured
Area, m^2 0.1114302763 Tony Huynh measured, for McMurdo portable tank with black 
screens
Volumetric flow rate m^3/s 0.0000000691
At the pore
pPore diameter, m 1.85E-003 TH design, CM, DE measured
Pore area, m^2 2.69E-006
Number of pores connected 8
Volumetric flow rate m^3/s 0.0000000086 1/8 of flow from tap
Velocity at pore, m/s 0.0032113231
Re,D pore 5.9409476461 transition, less than 10
In the folds
Spacing between folds, m 3.10E-003 TH design, CM DE measured
Spacing between pores, m 0.0153 TH designed, DE meas STL
Number of folds per pore 3 Tony Huynh designed into model, Fig 3
Fold area, m^2 1.42E-004 52.9347713135
Volumetric flow rate m^3/s 0.0000000086
Velocity in fold, m/s 0.0000606657 m/s
Dh fold, 4*FA/WP 0.0051554348 for finite channels
Dh fold, 2*spacing 0.0062 for infinite array of closely spaced plates
Re,Dh fold 0.3127578744
Re,Dh2 fold 0.376127117 laminar
7.4 x in vivo Re15
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Full calculations for model operated to match lowest Re in vivo case. 
What speed would we have to run at to match in vivo
Assumed values shown in blue along with source
Environmental data
nu, kinematic viscosity, m^2/s 1.00E-006 Use 1e-6 for freshwater at 25 C
Use 30e-6 for mineral oil
At the pore
Pore diameter, m 1.85E-003 Tony Huynh designed
Pore area, m^2 0.000002688
Volumetric flow rate m^3/s 0.0000000016
Velocity at pore, m/s 5.85E-004
Re,D pore 1.081961112 Transition, less than 10
In the folds
Spacing between folds, m 3.10E-003 Tony Huynh designed
Spacing between pores, m 0.0153 Tony Huynh designed
Number of folds per pore 3 Tony Huynh designed into model, 
Fig 3
Fold area, m^2 0.00014229
Volumetric flow rate m^3/s 0.0000000016
Velocity in fold, m/s 0.0000110484 m/s
Dh fold, 4*FA/WP 0.0051554348 For finite channels
Dh fold, 2*spacing 0.0062 For infinite array of closely spaced 
plates
Re,Dh fold 0.0569592391
Re,Dh2 fold 0.0685 Implies laminar flow
Re in vivo, case 1 0.0007648415
Re in vivo, case 2 0.051098901116
PALAEO-ELECTRONICA.ORGSUPPLEMENTARY FILE. 
Stereolithography (STL) file of model of the distal end of the hydrospire in Pen-
tremites rusticus (see palaeo-electronica.org/content/2015/1073-blastoid-hydrospire-
fluid-flow).17
